We investigate a seed layer-free growth of HfO 2 on commercially available chemical vapor deposited (CVD) graphene from various suppliers. It is revealed that the samples of monolayer graphene transferred from Cu to SiO 2 /Si substrates have different coverage with bi-and multi-layer graphene islands. We find that the distribution and number of such islands impact the nucleation and growth of HfO 2 by CVD. In particular, we show that the edges and surface of densely distributed bi-layer graphene islands provide good nucleation sites for conformal CVD HfO 2 layers. Dielectric constant of 16 is extracted from measurements on grapheneHfO 2 -TiN capacitors.
Many envisioned microelectronic applications of graphene require thin conformal dielectric and semiconductor layers to be grown on possibly highest quality graphene 1-3 . In particular, graphene-based device concepts such as field-effect transistors [4] [5] [6] , vertical fieldeffect transistors 7 , graphene base transistors [8] [9] [10] , and also optoelectronic devices 11 often involve stacks of materials in which graphene is sandwiched between insulators or semiconductors. Obviously this calls for a method enabling deposition of these materials on graphene, preferrably using methods compatible with the mainstream Si processing. This turns out to be particularly challenging for chemical deposition methods due to the inert nature of graphene surface resulting in nucleation problems 12 . Although direct growth of dielectrics on graphene by PECVD 13 and ALD 14 was reported, deposition of conformal insulating films usually requires formation of a seed layer before the actual process of dielectric growth by chemical techniques is started. Various seeding scenarios involving deposition of a polymer layer 15, 16 , evaporation of a thin metal film 17 , or substrate induced seeding 18 were reported so far. The application of seeding significantly improves nucleation behavior, however, the reported methods add complexity and are rarely compatible with standard Si technology. In this work, we investigate the nucleation of HfO 2 layers on commercially available graphene grown on Cu. Although it requires a transfer, graphene grown on Cu is usually of good quality and provides a useful platform for large area device prototyping. We find that samples from different suppliers transferred to SiO 2 substrates, while showing very good crystalline quality (as proved by Raman), differ significantly in surface morphology i.e. the amount and distribution of bi-and multi-layer graphene islands. Furthermore, we demonstrate that not only the edges but also the surface of bi-layer islands found commonly on CVD graphene can provide natural nucleation sites for the CVD growth of HfO 2 . Our findings implicate that controlling the growth of that kind of islands on the first layer of graphene during CVD process on Cu may provide an effective way to deposit thin conformal layers of various materials on graphene by chemical methods. Graphene on Cu was obtained from three different suppliers. In the following, we will refer to these graphene samples as Graphene A, Graphene B, and Graphene C. About 1 × 1cm graphene pieces were transferred from Cu substrates onto 8-inch 300nm SiO 2 /Si(100) wafers using wet transfer methods described previously 19, 20 . Briefly, PMMA covered graphene/Cu was placed in ammonium persulfate solution to remove the metal catalyst layer. PMMA-graphene stack was then rinsed in DI water and transferred to the target substrate. This was followed by removal of the polymer layer in acetone bath and IPArinse. After transfer, samples were annealed for 30 min at 500
• C in forming gas to clean residual polymer contamination. HfO 2 growth was performed in an atomic vapor deposition tool at the substrate temperature of 400
• C with Hf(NMeEt) 4 precursor and oxygen as the reactive gas. Raman mapping was done with a Renishaw inVia microscope using 514 nm laser light and 1800 lines/mm grating. AFM measurements were accomplished using Veeco Digital Instruments Dimension 5000 in tapping mode at ambient conditions with a Si probe tip.
Step heights between 1-, 2-, and 3-layers of graphite exfoliated onto SiO 2 /Si were used to calibrate the height in step measurements. Electrical measurements were performed using Keithley 4200 SCS analyzer. Figure 1 (a-c) shows the optical microscope images of graphene samples transferred to 300 nm SiO 2 / Si substrates. All graphene layers are continous with a small amount of holes and cracks. Each of the samples shows also dark islands with different distributions which are identified as bi-or multi-layer graphene [21] [22] [23] [24] . Graphene A shows the highest density of islands on the underlaying monolayer. Judging from the optical contrast the relatively homogeneously distributed islands are mostly bi-layers. As we will show later, this is also confirmed by AFM. In contrast, on Graphene B the initial monolayer is decorated with multilayer islands (mostly 3-layers with occasionally occuring bi-layers). Clearly, regions with very high and very low density of islands can be distinguished. Graphene C is characterized by a relatively very small areal density of small multilayer islands. The representative Raman spectra measured on the monolayer region after transfer are shown in Fig. 1(d) . The presence of strong and narrow G and 2D bands (FWHM(G): 14-20 cm −1 , FWHM(2D): 32-52 cm −1 ) and a very weak intensity of the defect-related D band confirm high quality of the material. Usually, intensity of the D band increases slightly after forming gas annealing (N 2 /H 2 , 500
• C) which is routinely used to remove PMMA residuals before CVD experiments. (Fig. 2(a) ), beside graphene wrinkles also the bi-layer graphene islands can be clearly recognised as elevated rounded areas. The rms roughness between the islands is typically below 0.25nm while on the islands it increases to 0.3 -0.5nm.
Step size measurement was attempted on some of the islands giving usually a very noisy scans. An example of such measurement is shown in the inset to Fig. 2(a) from which a step size accounting for about 1 graphene monolayer can be estimated. After deposition of nominally 5nm of HfO 2 (Fig. 2(b) ), the wrinkles and the surface of the bilayer islands are decorated with white spots which are assigned to HfO 2 . The rms roughness on the monolayer graphene region increases to about 1.1 nm while on the bi-layer islands it is lower with values of about 0.8nm. This indicates that the nucleation of HfO 2 is more homogeneous on the islands than between them. This is corroborated by SEM and AES results presented in Fig. 2(c) and 2(d) , respectively. In the SEM image again two regions are distinguishable: brighter (wrinkles and islands) and darker (monolayer areas between islands and wrinkles). The AES scans (Fig. 2(d) ) from bright and dark regions (marked in Fig. 2(c) as area 1 and 2, respectively) show that more intense Hf and O signals along with a stronger attenuated C signal from graphene is detected on bright areas. This confirms that beside graphene wrinkles the HfO 2 deposit is mainly found on the bilayer islands. Similar behavior is observed for samples of Graphene B (Fig. 3) . A difference is that, as stated above, there is a smaller number of bi-and multi-layer islands on Graphene B and that they are distributed in a more inhomogeneous manner. Figure 3(a) and (b) show SEM images taken in two characteristic regions of Graphene B after deposition of 5 nm HfO 2 . In the first region ( Fig.  3 (a) ), bright oval shapes concentrated in a group can be recognised. In the second region (Fig. 3 b) , graphene wrinkles decorated with HfO 2 are seen, however, the oval features are not present. We correlate these two regions with areas containing high and low number of multilayer islands on the initial graphene surface (cf. Fig. 3(c) ). In general, the HfO 2 layer nucleates better on Graphene A than on Graphene B. This may be due to the higher fraction of clean graphene monolayer (without wrinkles and multilayer islands) which limits the number of nucleation sites in case of Graphene B. Furthermore we find that the more homogeneous distribution of nucleation centers on Graphene A reduces the time after which coalescence of growing HfO 2 islands is achieved. Figure 4 which shows SEM images after deposition of nominally 25 nm of HfO 2 . While HfO 2 layer on Graphene A is already closed (Fig. 4(a) ), full coalescence is not yet achieved on Graphene B (Fig.  4(b) ). Electrical measurements show that Graphene(A)-HfO 2 -TiN capacitors with 25 nm HfO 2 are still very poor with high failure rate. It can be a consequence of pinholes existing occasionally in the dielectric layer. For higher HfO 2 thickness, the yield is greatly improved and good dielectric properties are measured. Figure 5(a) shows an example of capacitance voltage curve measured at 10 kHz for 50 nm HfO 2 on Graphene A. At this insulator thickness, the total capacitance is dominated by the oxide capacitance and a characteristic modulation due to the quantum capacitance of graphene is not observed 25, 26 . Instead, the measured capacitance remains constant with increasing voltage in a way typical for conventional metal-insulator-metal capacitors 27 . Figure 5(b) shows that the capacitance scales very well with the capacitor plate area. The dielectric constant extracted from these measurements is 16 which is in good agreement with values reported previously for HfO 2 on graphene 28 and metallic substrates 29 . We have shown above that the nucleation of HfO 2 is significantly better on graphene with high number and homogeneous distribution of bi-layer graphene islands and that thin dielectric layers with good electrical quality can be obtained directly on graphene without any seeding layer. While the exact growth mechanism of CVD dielectrics on such type of graphene is still under investigation our Raman measurements show that the relatively good nucleation on the bi-layer islands can be due to a higher amount of defects present in this region. Such defects can serve as nucleation centers similarly to the nucleation of ALD layers on the edges of graphene flakes as reported before 12 . Figure 6 (a) shows a Raman Dband intensity distribution map taken from a 20× 20µm large area of Graphene A. Figure 6(b) shows the corresponding optical microscope image on which the darker regions represent graphene bi-layer islands as discussed above. There is a very good correlation between the position of the islands and the intensity of the Raman Dband: the intensity of the D-band peaks on the islands and has lowest values on the areas where islands are absent (i.e. in the regions of predominantly monolayer graphene). Similar nucleation behavior is observed in our CVD experiments focusing on the growth of silicon layers on graphene by using disilane precursor (not shown here). In this case, Si growth proceeds also mainly on the bilayer islands resulting in locally closed and relatively smooth Si layers already in the initial growth stage. In contrast, in the monolayer regions nucleation is more difficult and a growth of separated Si islands takes place. This similarity to HfO 2 nucleation indicates that our conclusions may be valid for CVD of a broader variety of insulating and semiconducting materials on CVD graphene.
FIG. 4. SEM images after deposition of 25 nm of HfO2 onto Graphene A (a) and Graphene B (b). Blue arrows in (b) indicate examples of areas where the coalescence of HfO2 islands is not complete.

This is illustrated in
In summary, chemical vapor deposition of HfO 2 on commercially available large area graphene was investigated. We have found that graphene samples from different suppliers transferred to SiO 2 substrates show in general a good quality but differ significantly in surface morphology i.e. the amount and distribution of bi-and multi-layer graphene islands. We demonstrated that not only the edges but also the surface of bi-layer islands found commonly on CVD graphene can provide natural nucleation sites for the CVD growth of HfO 2 . Our findings implicate that controlling the growth of that kind of islands on the first layer of graphene during CVD process 
